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DNA double strand break (DSB) responses depend on the
sequential actions of the E3 ubiquitin ligases RNF8 and RNF168
plus E2 ubiquitin-conjugating enzyme Ubcl3 to specifically
generate histone Lys-63-linked ubiquitin chains in DSB signal-
ing. Here, we defined the activated RNF8-Ubc13~ubiquitin
complex by x-ray crystallography and its functional solution
conformations by x-ray scattering, as tested by separation-of-
function mutations imaged in cells by immunofluorescence.
The collective results show that the RING E3 RNF8 targets E2
Ubc13 to DSB sites and plays a critical role in damage signaling
by stimulating polyubiquitination through modulating confor-
mations of ubiquitin covalently linked to the Ubc13 active site.
Structure-guided separation-of-function mutations show that the
RNFS8 E2 stimulating activity is essential for DSB signaling in mam-
malian cells and is necessary for downstream recruitment of 53BP1
and BRCA1. Chromatin-targeted RNF168 rescues 53BP1 recruit-
ment involved in non-homologous end joining but not BRCA1
recruitment for homologous recombination. These findings sug-
gest an allosteric approach to targeting the ubiquitin-docking cleft
at the E2-E3 interface for possible interventions in cancer and
chronic inflammation, and moreover, they establish an indepen-
dent RNF8 role in BRCA1 recruitment.
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The atomic coordinates and structure factors (code 4WHV) have been deposited
in the Protein Data Bank (http://wwpdb.org/).

SAXS curves have been deposited to Small Angle Scattering Biological Data Bank
(http://www.sasbdb.org/) with the codes: WT RNF8-Ubc13~Ub: SASDBR3,
L451D RNF8-Ubc13~Ub: SASDBT3, WT RNF8-Ubc13~Ub/Mms2: SASDBS3,
L451D RNF8-Ubc13~Ub/Mms2: SASDBU3.
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Protein ubiquitination provides a major method of intracel-
lular communication whereby a target molecule is tagged with
ubiquitin or ubiquitin chains to confer a specific signal (1). Spe-
cifically, an E1-activating enzyme uses ATP to initiate ubiquitin
chain synthesis by the formation of a covalent linkage to the
C-terminal glycine of ubiquitin (2, 3). The ubiquitin molecule is
subsequently transferred to the active site cysteine of an
E2-conjugating enzyme, via a trans-thioesterification reaction
(3, 4). One of many possible E3 ligases binds both the E2~Ub*
complex and substrate (RING E3s) or acts as an intermediate to
the substrate through the use of an active site cysteine (HECT
and RBR E3s) (5, 6).

An important RING E3 ligase for the DNA damage response
is RNF8, which binds and activates the E2, Ubcl13, to create
Lys-63-linked ubiquitin chains (7—13). These chains act as scaf-
folds for proteins that contain ubiquitin-interacting motifs,
such as RAP80, or motifs interacting with ubiquitin (MIUs),
such as the RING E3 ligase RNF168, which directly bind ubiq-
uitin (14—-17). Both RING E3 ligases RNF8 and RNF168 are
recruited to the sites of double strand break (DSB) DNA dam-
age. Initially, broken DNA ends are recognized by the Mrell-
Rad50-Nbs1l (MRN) complex that subsequently recruits and
activates ATM, which phosphorylates H2AX (yH2AX) within
chromatin surrounding the lesion (18, 19). The scaffolding pro-
tein MDC1 binds yH2AX through its BRCT domain and is also
phosphorylated by ATM (20-22). This allows association of
RNEF8 to MDC1 through its N-terminal forkhead-associated
(FHA) domain (11, 12). RNF8-Ubc13 may then poly-Lys-63
ubiquitinate H1-type linker histones (23), which recruit
RNF168 through their MIUs to amplify the signal and monou-
biquitinate histones H2A/H2AX on Lys-13/15 (8, 17, 24). RNF8
and RNF168 then cooperate to extend these Lys-63 polyubiq-
uitin chains promoting recruitment of RAP80, BRCA1, and
53BP1, resulting in DSB repair (25, 26). RNF8 and RNF168 are
both recruitment factors for Ubc13; however, work with these
purified E3 RING domains and Ubcl3 have shown that

“The abbreviations used are: Ub, ubiquitin; DSB, double strand break; MIU,
motif interacting with ubiquitin; MEF, mouse embryo fibroblast; SAXS,
small angle x-ray scattering; SPR, surface plasmon resonance; ATM, ataxia
telangiectasia mutated; MES, minimal ensemble search; PDB, Protein Data
Bank; Gy, gray; GAJOE, genetic algorithm judging optimization of
ensemble.
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although the RNF8 RING tightly binds and activates Ubc13,
RNF168 interacts much more weakly with Ubc13 and does not
significantly stimulate its catalytic activity (7).

In the DSB response, RNF8 provides an attractive pivot point
for the possible control of pathway choice as it acts in recruit-
ment of 53BP1 for non-homologous end joining and BRCA1 for
homologous recombination repair. Such pathway choice selec-
tion for non-homologous end joining and homologous recom-
bination repair, as demonstrated by dissection-of-function
inhibitors for MRE11 exo- and endonuclease (27), has potential
value for gene therapy and cancer biology. For these repair fac-
tor recruitment functions, a hydrophobic interaction of RING
E3ligases positions the ubiquitin C terminus in an E2 groove for
possible activation of the thioester by the incoming acceptor
lysine (6, 28 —=30) and targets the E2 to the site of a substrate.
However, it is unknown whether both the E2 stimulating activ-
ity and the E2 targeting activity of RING E3 ligases are required
for proper functioning of an E2-E3 pair and whether RNF8
stimulates Ubc13 catalytic activity similarly. Here, we show
through combined structural, biochemical, mutational, and
imaging studies that a RING E3-mediated E2-stimulating
mechanism holds true for the RNF8-Ubc13 E3-E2 pair. Using a
designed RNF8 mutant specifically deficient in its E2 stimulat-
ing activity, we find that the RNF8 E2 stimulating activity is
required for proper functioning of the DNA damage response
and that the recruitment of an RNF8 mutant unable to stimu-
late Ubc13-dependent Lys-63 ubiquitination to the sites of
DNA DSBs is insufficient for repair. Our collective results indi-
cate that the direct stimulation of Ubc13 polyubiquitination by
RNFE8 is needed for the formation of Lys-63-linked ubiquitin
chains at sites of DNA DSBs and for the downstream recruit-
ment of BRCAL.

Experimental Procedures

Protein Production—Ubc13, Mms2, and RNF8 cloning and
protein production/purification were previously described (7,
31). The RNF8 L451D and R441A and Ubc13C87K mutants
were made using PCR mutagenesis from wild type RNF8 and
Ubc13 templates. The mUBA1 enzyme was produced accord-
ing to a previously published protocol (32); however, the His tag
vector used was pET47b(+).

Crystallization—The formation of a stable E2~Ub isopep-
tide bond has previously been described (28) using purified
El, Ubcl3C87K, and ubiquitin at pH 10. The RNF8-
Ubc13C87K~Ub complexes were concentrated to 10 mg/ml in
a buffer containing 20 mm HEPES, pH 6.8, 200 mm NaCl, 10 um
ZnSO,, and 1 mMm DTT. Crystals were grown using vapor diffu-
sion in 0.1 M imidazole, pH 8.0, 1.04 m (NH,),HPO,. Crystals
grew within 1-2 weeks.

Structure Solution and Refinement—Both SAXS and crystal-
lography x-ray data were collected at the SIBYLS beamline
(12.3.1) at the Advanced Light Source (33). Both experiments
were performed at an x-ray wavelength of 1.03321 A. The data
were processed in HKL2000, and structure solution was accom-
plished using PHENIX (Table 1) (34). A model for molecular
replacement was created from a modified version of the previ-
ously determined RNF8-Ubc13 structure (PDB code 4ORH).
The RING domain (amino acids 392—485) of RNF8 was used,
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TABLE 1
X-ray diffraction data collection and refinement statistics
RNF8/Ubc13~Ub

Data collection

Space group P6422
Cell dimensions
a, b, ¢ (A) 341.4,341.4,113.4
@B,y 90, 90, 120
Resolution (A) 49.3-8.3 (8.5-8.3)"
R 11.7 (83.4)*
I/ol 24.3 (6.6)*
Completeness (%) 99.8 (97.9)*
Redundancy 21.8 (24.2)*
i 0.037 (0.162)
CCy), 0.999 (0.973)*
Refinement
No. of unique reflections 4087
Rorid Rpee 32.9/33.7
No. of atoms
Total 9620
Protein 9612
Ligand/ion 8
Water 0
Overall B-factor 522.7
Protein 522.7
Ligand/ion 498.9
Root mean square deviations
Bond lengths (A) 0.007
Bond angles (°) 1.09

“ Values in parentheses indicate the highest resolution shell.

and a second Ubc13 molecule was added using 2-fold symmetry
to create a dimer complex. Phaser (35, 36) was used to place two
copies of this model within the crystallographic asymmetric
unit. Fig. 1C shows the density of Ubc13 when it is omitted from
the molecular replacement. Next, a ubiquitin (PDB code 4AP4)
with a truncated C-terminal tail was used as a second search
model. Phaser was able to place a single ubiquitin into this
model (Z-score = 6.2) onto a region with significant positive
difference density (Fig. 1, D—-G). Alignment of the RNF8-
Ubc13~Ub structure with the RNF4-UbcH5a~Ub (PDB code
4AP4) structure revealed that the ubiquitins are in the same
relative orientation to the E2-E3 (Fig. 1, A and B). Weaker dif-
ference density was also observed at each of the other potential
ubiquitin positions predicted by noncrystallographic symmetry
(Fig. 1, D-G). NCS was used to position these ubiquitins, and
the validity of the placement of each ubiquitin was monitored
via changes in R;,.. and visual inspection of the difference den-
sity. The addition of each of the ubiquitin chains changed the
R,.. values as follows: A, 0.345 to 0.337; F, 0.335 to 0.334; G,
0.343 t0 0.339; and L, 0.343 to 0.344. Fig. 1, D—G, corresponds to
the difference density of ubiquitin chains A, F, G, and L prior to
model introduction, respectively. The additions of ubiquitin
chains A and G resulted in the largest reductions in Ry,
although addition of either ubiquitin chain F or L did not sig-
nificantly change R, ... However, in addition to the positive dif-
ference density observed for ubiquitin chains F and L (Fig. 1,
D-@G), the removal of the two chains in a refinement test
increased both the Ry,.. (0.3262 increase to 0.3283) and R, ;.
(0.3179 increase to 0.3256) values, which supported the inclu-
sion of these chains in the final model. Portions of each of the
RNFE8 coiled coils were placed through alignments with PDB
code 4ORH. In one complex, the positive difference density
enabled placement of the entire coiled coil (342/345-392), cre-
ating crystal contacts between adjacent helical arrays of com-
plexes running down the 6-fold screw axis of the cell. In the
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second complex, rotated 180° to the first, the coiled coils are
pointing into a large solvent channel running down the interior
of the helical filament. The positive difference density for these
coiled coils only justified modeling a small section of the coiled
coil corresponding to residues 380—-392. The junction where
the coiled-coil C-terminal residue (392) is linked to the N-ter-
minal RING residue (393) was real space refined in Coot using
Ramachandran restraints to maintain the bonds and angles.
RNEF8 and Ubcl3 were treated as separate rigid bodies, and
there was little movement relative to each other, which main-
tained the RNF8-Ubc13 binding interface, although the ubiqui-
tin molecules were each treated as separate units in rigid body
refinement. This allowed the ubiquitin molecules to move as
rigid bodies relative to the RNF8-Ubc13 complexes.

SAXS Data Collection and Analysis—Because of the previous
observation that another lysine residue (Lys-92) in the Ubc13
active site is modified using the isopeptide formation protocol,
we made the same stable mutation (K92A) as Branigan et al.
(37) to prevent nonspecific modification for the SAXS. Thus,
when Ubc13~Ub is used as a shorthand to describe the ubiq-
uitin-conjugated Ubc13, it is Ubc13C87K, K92A, conjugated
with ubiquitin for the SAXS data. The WT and L451D RNF8-
Ubc13~Ub complexes with and without Mms2 were concen-
trated to ~6 and 4 mg/ml. The flow-through buffer was col-
lected after sample concentration and used for buffer
subtraction. SAXS data were collected on a Pilatus 2M detector,
although other parameters were held consistent as reported
previously (38, 39). ScAtter and Primus (40) were used to deter-
mine which data sets of various exposure times were of high
quality for further analyses (i.e. showed little to no aggregation
or interparticle interference). The lower (~4 mg/ml) concen-
trations provided the best data at the lowest exposure time of
0.5s. Primus was used to determine R,and D,,,,, for all data sets.
Because of the elongated nature of the dimer RNEFS8-
Ubc13~Ub/Mms2 complex, a smaller g-range limit for the
Guinier approximation was used (¢R, <0.8), instead of the limit
for more globular proteins/complexes (gR, <1.3), to determine
R,, which resulted in fewer data points for the approximation
(41). The extrapolation to /(0) at low g was determined in Pri-
mus, using GNOM (42). BILBOMD (43) was used for molecular
dynamics simulations to generate model libraries by choosing a
range of R, values with 600 conformations per R, step. The N-
and C-terminal tails of Ubcl3, RNFS8, ubiquitin, and Mms2
were left flexible relative to the rigid bodies of the complexes.
Ubiquitin was flexibly tethered to Ubc13 active site. FoXS (44,
45) was used for calculating theoretical scattering curves and a
minimal ensemble search (MES), which is further discussed
under “Results.” GAJOE is part of the EOM 2.0 suite of SAXS
analysis software (46), and with the FOXS-generated theoreti-
cal scattering curves, it was used to find ensemble fits to all data
sets.

Surface Plasmon Resonance—0.19 pmol/mm? of Ubc13 was
coupled toa CM5 BIAcore sensor chip using an amine coupling
kit. Briefly this included activation with N-hydroxysuccinim-
ide/N-ethyl-N'-(3-dimethylaminopropyl)-carbodiimide hy-
drochloride for 7 min at a flow rate of 5 ul/min, conjugation of
1 uMm purified Ubc13 in 10 mMm sodium acetate, pH 5, at a flow
rate of 5 ul/min, and blocking with 1 M ethanolamine, pH 8.5,
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for 7 min at a flow rate of 5 ul/min. The purified RNF8 proteins
were diluted to 10 uMm in 10 mm HEPES, pH 7.4, 150 mm NaCl,
0.005% Nonidet P-40 at a flow rate of 30 ul/min, and a titration
series from 0 to 10,000 nm was performed on a BIAcore 3000
SPR biosensor. Control samples of buffer only were used for
blank subtraction. Because of the rapid kinetics, estimated
apparent equilibrium dissociation constants (K,) were deter-
mined using a fractional saturation analysis in SigmaPlot. The
response used for the steady state affinity calculation was 20 s
after the injection start to avoid background RNF8 binding
effects at higher concentrations.

Ubiquitination Assay—All ubiquitination assays were done
essentially as described previously (47). The reactions were run
for 15, 30, 45, and 90 min at 37 °C and quenched with SDS-
PAGE loading buffer, and the results were visualized by West-
ern blotting. The primary antibody was anti-ubiquitin (Santa
Cruz Biotechnology: host, mouse; catalogue no. sc-166553; lot
no. F2012), and the secondary was anti-mouse FITC (Sigma:
host, goat; catalogue no. F0257).

Generation of Stably Integrated RNF8 MEFs—The genera-
tion of RNF8 knock-out mouse embryonic fibroblasts has pre-
viously been described (48). Re-introduction of either WT or
L451D RNF8 was accomplished using retroviral transduction.
293T cells were transiently transfected with 0.9 ug of gag/pol
expression vector (64), 0.1 ug of VSV-G envelope vector, and 1
png of pBABE-hygromycin-HA~RNEFS transfer vector using
Qiagen Effectene for viral production. Viral supernatant was
collected at 24, 48, and 72 h post-transfection. Knock-out MEFs
were infected twice with the viral supernatants. HA~RNF8-
expressing cells were selected with 400 ug/ml hygromycin.

Immunoprecipitation Assay—Extracts were prepared from
RNEF8 knock-out mouse embryonic fibroblasts transfected with
HA-tagged RNF8 WT or RNF8 L451D constructs. 24 h after
transfection, extracts that contained detergent-soluble RNF8 in
NETN (20 mm Tris, pH 7.5, 150 mm NaCl, 1 mm EDTA, and
0.5% Nonidet P-40, mixture protease inhibitor) were prepared.
Extracts were pre-cleared, incubated with anti-HA antibody for
4 h at 4 °C, and washed twice with extraction buffer. Immuno-
complexes were eluted by boiling in SDS sample buffer for 5
min. A primary antibody was used to stain for RNF8 (Abnova:
host, mouse; catalogue no. HO00009025-BO1P; lot no.
09117WUIZ).

DNA Damage Localization Assays with Stable Cell Lines—
Transduced MEF cells or knock-outs were seeded to 1 X 10*
cells per well in a 96-well glass bottom plate the day before using
a hemocytometer. The next day cells were irradiated with 3
Gy ionizing radiation and were allowed to recover for 0.5, 1,
and 2 h before fixation and immunofluorescence. The pri-
mary antibodies used were anti-HA (Covance: host, mouse;
catalogue no. MMS-101R; lot no. EI1EF01029), anti-Lys-63
ubiquitin chains (Millipore; host, rabbit; catalogue no.
05-1308; lot no. 2517822), anti-53BP1 (Santa Cruz Biotech-
nology: host, rabbit; catalogue no. sc-22760; lot no. 12010),
and anti-yH2AX (Millipore: host, mouse; catalogue no.
05-636; lot no. 2535296). Proteins were visualized with anti-
mouse Cy3-conjugated secondary antibody (The Jackson
Laboratory: host, goat; catalogue no. 115-165-146) and an
anti-rabbit Alexa Fluor 488 secondary antibody (Molecular
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Probes: host, goat; catalogue no. A11034). Images were
acquired using a High Content Instrument (Molecular
Devices MetaXpress XLS). A Z-stack was taken for each
image using either 1- or 0.6-um steps. Image analysis was
accomplished using a foci count and colocalization module
in CellProfiler (49, 50), with restraints optimized to detect
empirically determined foci, while minimizing false positives
from background stain. Data were analyzed using Microsoft
Excel 2010. Statistical significance was determined with a
two-tailed Student’s ¢ test and significance level of *, p <
0.005.

Immunofluorescence Staining with Transiently Transfected
Cells—RNF8 knock-out MEFs were transfected with the indi-
cated constructs using Lipofectamine® 3000 Reagent according
to the manufacturer’s protocols. Cells were irradiated with 2—5
Gy of ionizing radiation and allowed to recover as indicated.
Cells were permeabilized prior to fixation in a buffer containing
20 mm HEPES, pH 7.9, 150 mm NaCl, 300 mm sucrose, 3 mm
MgCl,, 0.5% Triton X-100 for 5 min on ice. Cells were fixed
with 4.0% paraformaldehyde in PBS, pH 7.5, for 20 min at room
temperature. Cells were permeabilized with PBS containing
0.5% Triton X-100 for 5 min. Next, cells were washed twice with
PBS, inverted onto 30-ul aliquots of an appropriate primary
antibody, and incubated at room temperature for 60 min. Cov-
erslips were rinsed with PBS containing 0.1% Triton X-100 and
washed twice with PBS before a 30-min incubation with an
appropriate secondary antibody conjugated to a fluorophore.
Cells were rinsed with PBS containing 0.1% Triton X-100 and
washed twice with PBS. Coverslips were mounted onto slides
containing ~10 ul of a 90% glycerol/PBS-based medium con-
taining 1 mg of para-phenylenediamine/ml and 0.5 ug of
DAPI/ml. A panel of commercially available primary antibodies
directed against various DNA damage proteins, 53BP1 (same as
mentioned previously), BRCA1 (Santa Cruz Biotechnology;
host, mouse; catalogue no. sc-6954; lot no. L1009), FK2 (Enzo,
Inc.: host, mouse; catalogue no. PW8810; lot no. X17691), and
MDCI1 (Novus Biologicals: host, rabbit; catalogue no. NB100-
395; lot no. A2), were used to detect colocalization of these
proteins at the break sites. Proteins were visualized with anti-
rabbit Cy3-conjugated secondary antibody (Molecular Probes:
host, goat; catalogue no. 111-165-144) and an anti-mouse Alexa
Fluor 488 secondary antibody (Molecular Probes: host, goat;
catalogue no. A11001). Cells were observed using a microscope
(Axiovert 200 M; Carl Zeiss, Inc.), and composite figures of
collected images were assembled in Photoshop CS3 and Illus-
trator CC (Adobe).

Cell Cycle Analysis—RNF8 knock-out MEFs reconstituted
with WT or L451D RNF8 were harvested and fixed in ice-cold
70% ethanol, added dropwise while gently vortexing. After a
minimum 60-min fixation on ice, samples were pelleted at
200 X g for 10 min at 4 °C, and resuspended in PBS. Cells were
then stained with propidium iodide (25 ug/ml in 0.5% bovine
serum albumin (BSA) and 0.5 mg/ml RNase A in 1X phos-
phate-buffered saline (PBS)) for 30 min at 37 °C. The samples
were run on an SRII flow cytometer (BD Biosciences) and ana-
lyzed using the FACS Diva program (version 6.0) (BD
Biosciences).
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Results

Crystal Structure of RNF8-Ubc13~Ub Reveals an Activated
Ubiquitin Conformation—The E3 RNF4 can stimulate the
ubiquitination activity of the E2 UbcH5a by directly interacting
with the donor ubiquitin linked to the UbcHb5a active site
(UbcH5a~Ub) (28, 51). To stabilize the UbcH5a~Ub complex
for structural studies, the thioester linkage between the ubiqui-
tin C terminus and the UbcHb5a active site cysteine was replaced
with an isopeptide linkage via mutation of the active site cys-
teine to a lysine. To test whether an analogous mechanism may
act in the RNF8-Ubcl3 system, we employed an isopeptide
linkage to covalently tether the ubiquitin C terminus to Ubc13
and crystallized this complex bound to an RNF8 construct
encompassing its RING domain and coiled coil (RNF8(345-
485)). We previously solved the x-ray crystal structure of
RNF8(345-485) bound to Ubc13-Mms2 (7). Here, we crystal-
lized the RNF8(345-485)/Ubcl3~Ub complex and deter-
mined its structure at 8.3 A resolution by molecular replace-
ment using our RNF8-Ubcl3 and free ubiquitin as search
models (see under “Experimental Procedures” and Fig. 1). The
limited resolution is likely due to weak contacts between crys-
tallographically related complexes mediated by the flexible
RNF8 coiled coils. Despite the low resolution, the difference
density after molecular replacement with an RNF8-RING-
Ubc13 model (Fig. 1C) was sufficient for Phaser to place one
ubiquitin molecule, and the other ubiquitins were placed using
symmetry operations and rigid body refinement (see under
“Experimental Procedures”). There is variability in the differ-
ence density for each ubiquitin, which is likely due to the lim-
ited crystal contacts in the spaces where they reside (Fig. 1,
D—-@). The resulting structure shows that both RNF8 protom-
ers in the dimer can simultaneously bind a Ubc13~Ub (i.e. the
RNF8 dimer is doubly loaded), which supports and extends our
previous determination of the stoichiometry of the complex in
solution (Fig. 14) (7).

Importantly, the structure reveals a ubiquitin conformation
that makes contacts with both protomers of the RNF8 RING
dimer and the Ubc13 and is hereafter referred to as the closed
conformation (Fig. 14). The closest contact between RNF8 and
the ubiquitin is between the C-terminal end of the ubiquitin
a-helix and the distal RNF8 protomer Leu-451. RNF8 H420
may hydrogen bond with ubiquitin Glu-34 at the a-helix C
terminus, as there is an analogous interaction between RNF4
H160 and ubiquitin (28). The canonical hydrophobic Ile-44
patch on ubiquitin, which mediates many ubiquitin interac-
tions with protein partners (52), likely makes contact with the
Ubc13 central crossover helix («2). The ubiquitin orientation
resembles that seen in the high resolution RNF4-Ubc13~Ub
and RNF4-UbcH5a~Ub structures (Fig. 1B, middle and right
panels). The C-terminal tail of ubiquitin is not modeled, due to
weak electron density, but is tethered to Ubc13 via an isopep-
tide bond with the amino group of the Cys to Lys active site
mutation (C87K). The asymmetric unit contains two doubly
loaded complexes, and the RNFS8 coiled coils are only partially
modeled in one of these complexes, likely due to alack of crystal
contacts at their N-terminal end (data not shown). However,
the closed ubiquitin conformation is clear.
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Ubc13
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FIGURE 1. RNF8-Ubc13~Ub structure and comparison with RNF4-UbcH5a~Ub. A, overview of RNF8-Ubc13~Ub structure (Protein Data Bank accession
4WHV). RNF8 dimers are firebrick red; Ubc13s are blue; and ubiquitins are yellow. B, top-down view of singly loaded (one Ubc13 and one ubiquitin) RNF8 dimer
(left), singly loaded (one Ubc13 and one ubiquitin) RNF4 dimer (middle; PDB 5AIU), and singly loaded (one UbcH5a and one ubiquitin) RNF4 dimer (right; PDB
code 4AP4). RNF4 dimer is orange, Ubc13 is green in middle panel; UbcH5a is pale green, and ubiquitin is aqua green. C, electron density maps of RNF8-
Ubc13~Ub structure phased with an RNF8 dimer plus a single Ubc13. The difference density for the missing Ubc13 and RNF8 coiled coil is shown with a full
RNF8 and Ubc13 model overlaid in the bottom panel. D-G, electron density maps for RNF8-Ubc13~Ub with difference density prior to the introduction of
ubiquitin chain A (D), chain F (E), chain G (F), or chain L (G) (left panels show ubiquitin density only; right panels show ubiquitin models in orange). For all maps,

F, — F. difference density contoured at o = 2 is shown in green and red, and 2F, — F_ contoured at o = 1 is shown in blue.

RNFS Leu-451 Is Required for Full Stimulation of Ubc13 Cat-
alytic Activity in Vitro—We sought to uncover mutations that
destabilize the ubiquitin-RNF8 interface that controls ubiqui-
tin conformation to test its importance for ubiquitination. An
alignment of the RNF8-Ubc13~Ub structure with the high res-
olution RNF4-Ubc13~Ub and RNF4-UbcH5a~Ub structures
helped us to infer important residues in RNF8 that mediate the
contact with ubiquitin (Fig. 24). Based on these aligned struc-
tures, we reasoned that two residues could be largely responsi-
ble for stabilizing ubiquitin in the closed conformation. RNF8
Leu-451 makes hydrophobic contacts with the C terminus of
the ubiquitin a-helix (Fig. 2A). The RNF4-Ubc13~Ub and
RNF4-UbcH5a~Ub structures make an analogous contact
between RNF4 Tyr-193 and the ubiquitin a-helix (28, 37).
RNF4 Tyr-193 not only contacts ubiquitin but also forms part
of the E3 dimer interface (51); however, our structure predicts
that Leu-451 in RNF8 likely does not participate in the RNF8
dimer interface, which is supported by previously determined
high resolution RNF8 structures. The second residue is RNF8
Arg-441, which we predict makes hydrogen bonds with both
Ubc13 and ubiquitin based on the analogous RNF4 Arg-181 of
the RNF4-Ubcl3~Ub (Fig. 24, left panel) and RNF4-
UbcH5a~Ub (Fig. 24, right panel) structures (28, 37). It has
already been shown that mutation of RNF4 R181 to alanine
severely impairs RNF4-UbcHb5a catalytic activity in a single-
turnover assay (51).

To test our hypothesis that RNF8 residues Leu-451 and Arg-
441 are largely responsible for ubiquitin conformational selec-
tion and stimulation of Ubc13 catalytic activity, we made the
RNF8 mutations L451D and R441A. The L451D mutation
introduces a negative charge in place of the hydrophobic leu-
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cine, which is predicted to repel the carbonyl oxygens at the C
terminus of the ubiquitin a-helix to disfavor the closed ubiqui-
tin conformation. The R441A mutant is predicted to disrupt
hydrogen bonding RNFS8 interactions to Ubc13 and ubiquitin.
We tested the ability of these mutants to stimulate Lys-63-
linked ubiquitin chain formation by Ubc13-Mms2 compared
with wild type RNF8 in an in vitro auto-ubiquitination assay
using purified proteins (Fig. 2B). Under these reaction condi-
tions, Ubc13-Mms?2 is able to drive formation of di-ubiquitin;
however, addition of wild type RNF8 stimulated the formation
of higher order ubiquitin conjugates and chains. The L451D
mutation caused a drastic decrease in the ability of RNF8 to
stimulate Ubc13; ubiquitination is modestly better than Ubc13-
Mms2 alone (Fig. 2B, right panel). Surprisingly, the R441A
mutant had little effect on ubiquitination. To ensure that the
mutations only affect ubiquitin conformational selection and
not binding to Ubc13, we measured the steady state affinities of
the WT and mutant RNF8 proteins for Ubc13 by surface plas-
mon resonance (Fig. 34). The results demonstrate that the
L451D mutation has little effect on the apparent equilibrium
dissociation constant (Kp, v ~1.6 uM; K | 4515 ~3.4 uM), and
the R441A mutation had a very minor effect (Kp, gaq1a ~4-9
uM). The bivalent binding capability of the RNF8 RING dimer
likely increased the apparent on-rate of binding to Ubcl3,
which suggests that the true affinities are likely lower. This
would make the affinities more consistent with other E2:E3
RING pairs such as the monomeric gp78 RING:Ube2g2 com-
plex with a K, ~144 um (53). Taken together, these results
indicate that RNF8 L451D selectively abrogates Ubc13-medi-
ated ubiquitination through disruption of RNF8-ubiquitin
interactions. The SPR binding data are further supported by
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FIGURE 2. RNF8 mutations affect Ubc13 catalytic activity. A, close-up view of an alignment of the RNF8-Ubc13~Ub structure (RNF8 is firebrick red; Ubc13 is
blue, and ubiquitin is yellow) with the RNF4-Ubc13~Ub (PDB code 5AIU; RNF4 is orange, Ubc13 is pale green, and ubiquitin is aqua green) and RNF4-UbcH5a~Ub
structure (PDB code 4AP4; RNF4 is orange, UbcH5a is pale green, and ubiquitin is aqua green). Residues proposed to be important for interactions between the
E2s, E3s, and ubiquitin are shown as sticks; note that side chain residues in the RNF8-Ubc13~Ub complex are inferred from higher resolution structures (PDB
codes 4AYC and 5AIU). B, in vitro ubiquitination assays in which purified RNF8 (WT, L451D, or R441A) was incubated with Ubc13/Mms2, ubiquitin, ATP, and E1
enzyme for the indicated time before quenching. Results were visualized via Western blotting using an anti-ubiquitin antibody. Mono- and diubiquitin species
are indicated. The approximate dissociation constants (K) for the interactions of each of the RNF8 proteins with Ubc13 as determined by SPR are indicated.

analytical size exclusion chromatography experiments (Fig.
3B).

SAXS Analyses of WT and L451D RNF8-Ubcl3~Ub Com-
plex with and without Mms2 Show Ubiquitin Conformational
Selection in Solution—We wished to determine whether the
closed ubiquitin conformational selection seen in our RNF8-
Ubc13~Ub crystal structure is also present in solution and
whether the L451D mutation shifts the population distribution
of the flexibly tethered ubiquitin. To do this, we used small
angle x-ray scattering (SAXS) to assess the solution structure
and dynamics of the purified complexes of WT and L451D (Fig.
4) RNF8(345—485)-Ubc13~Ub without Mms2 and with Mims2
(Fig. 5). As noted under “Experimental Procedures,” a double
mutant of Ubc13 was used (C87K, K92A) in place of wild type
Ubc13, to prevent nonspecific modification of a Ubc13 lysine
(K92) close to the active site during isopeptide formation of the
C terminus of ubiquitin with Ubcl3 C87K, as previously
observed (37). Guinier analysis of the scattering of the W'T and
L451D RNF8(345-485)-Ubc13~Ub and WT and L451D
RNF8(345-485)-Ubc13~Ub/Mms2 complexes (data not
shown) indicated well behaved samples without significant
aggregation and the radii of gyrations (R,) of ~42.3,41.9, 55.1,
and 51.8 A, respectively. To assess the degree of flexibility of
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these complexes in solution, we used a method based on the
Porod-Debye law to assess the relative electron density contrast
between the scattering particle and the solution and to obtain
information on the flexibility of the complex (data not shown)
(54). All of the SAXS profiles indicate flexibility within the com-
plexes, regardless of mutation or presence of Mms2. The degree
of flexibility is correlated to the rate of decay of the SAXS curve
as a function of g (54). A plateau region is observed in the Sibyls
plots when plotting the SAXS curves as ¢° X I(g) versus q indi-
cating a ¢° decay. This flexibility value, which is between the ¢*
decay typical of a compact particle and g* decay of an unfolded
one, is consistent with discrete elements of conformational
flexibility within all of the complexes. We reasoned that this
motion may reflect movement of the covalently bound
ubiquitin.

To test the idea that the flexibility of the complexes might be
due to the reorientation of the tethered ubiquitin relative to the
rest of the complex and that the conformational sampling of the
ubiquitin may be different in the presence of wild type versus
L451D RNFS8, we utilized MES and GAJOE (46). These
methods aim to identify minimal ensembles of conforma-
tions of WT or L451D RNF8-Ubc13~Ub, with and without
Mms2, that represent the distributions of structures in solu-
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FIGURE 3. RNF8-ubiquitin interface mutations do not significantly affect binding to Ubc13. A, steady state affinity analysis of the RNF8 SPR curves of WT,
L451D, and R441A demonstrating binding to chip-conjugated Ubc13. Ubiquitin was run as a negative control. The saturation point for wild type, L451D, and
R441A RNF8 binding to Ubc13 was estimated from a hyperbolic non-linear regression fit to duplicate data sets, and the predicted R,,,,, value of each curve was
set to 100% for normalization. The response 20 s after the injection start was used for the steady state affinity calculation to avoid background RNF8 binding
effects at higher concentrations. The estimated apparent equilibrium constants (K,) were determined using a fractional saturation analysis (63) in SigmaPlot.
B, WT, L451D, and R441A RNF8 constructs form complexes with Ubc13 as determined by analytical size exclusion chromatography. Ubc13 and each of the RNF8
constructs were run alone as controls and are overlaid on each of the complex curves.

tion by best fit to the SAXS data. We created a library of
stereochemically reasonable RNF8(345-485)-Ubcl13~Ub/
(£*Mms2) models using molecular dynamics as imple-
mented in BILBOMD (43). Using this method, 4740 and 7195
models were generated for the RNF8(345-485)-Ubc13~Ub and
RNF8(345-485)-Ubc13~Ub/Mms2 complexes, respectively. The
structured bodies of the RNF8 dimer and both Ubc13 and Mms2
molecules were fixed during the simulation, whereas the N- and
C-terminal tails were left flexible. Ubc13-tethered ubiquitin was
also allowed to sample conformational space. FoXS (44, 45) was
used to calculate theoretical scattering curves for each of the mod-
els in the library and to perform the minimal ensemble search.
These theoretical scattering curves were also used by GAJOE, a
different genetic algorithm for analyzing SAXS curves.

The MES approach uncovered ensembles containing five
models that nicely fit the data (y* <2) for each of the complexes
(Figs. 4 and 5). Each of the minimal ensembles contained struc-
tures in which either one or both ubiquitins are positioned in
the closed conformation similar to the crystal structure; how-
ever, other structures were also selected in which the tethered
ubiquitin is displaced from Ubc13. Interestingly, the complexes
containing WT RNF8 consistently displayed a higher propor-
tion of closed conformations compared with the complexes
containing the L451D RNF8 mutant, as selected by the genetic
algorithm. For the WT RNF8-Ubc13~Ub complex, 51% of the
algorithm-selected structures are in the closed state. In con-
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trast, only 29% were in the closed state for the L451D mutant.
Similarly for the WT RNF8-Ubc13~Ub/Mms2 complex, 44%
of selected complexes were in the closed state, although only
14% were in the closed state in the complex containing the
L451D mutant (Fig. 5). Likewise, the GAJOE approach also gave
ensembles in which closed ubiquitin conformations were more
highly populated in the WT RNF8 complexes compared with
the complexes with the L451D RNF8 mutant (data not shown).
The discrimination between the closed and non-closed more
extended states is largely dictated by scattering in the resolution
range between ¢ ~0.1 and 0.2 A~ ', Complexes containing W'T
RNEF8 consistently showed reduced scattering in this range
compared with the L451D complexes (Figs. 4B and 5B). The
response of this feature to change in the ubiquitin distribution
is quite evident when comparing the overlaid theoretical scat-
tering curves of the individual models to each other in Figs. 44
and 5A (see close-up insets). Together, these data show that the
RNF8 L451D mutant primarily changes the fraction of cova-
lently bound ubiquitin in the closed conformational state to
impact the Ubc13 stimulating activity of RNFS8.

RNF8 L451D Mutation Severely Impairs Lys-63-linked
Polyubiquitin DNA Damage Signaling—The RNF8 L451D
separation-of-function mutant provides an excellent oppor-
tunity to specifically test the role of the Ubc13 stimulating
activity of RNF8 in mammalian cells, because the other func-
tions of RNFS, specifically its FHA-dependent recruitment
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FIGURE 4. SAXS analysis of WT and L451D RNF8-Ubc13~Ub complexes. A, plot of the extrapolated experimental SAXS curve is shown as a black solid line.
The selected models that compose the MES ensemble (red) are overlaid in various colors and line types. Close-up views between q(A~") 0.12 and 0.2 for WT
(bottom left) and L451D (top right) RNF8-Ubc13~Ub of the scattering curves are shown. B, top panel, WT and L451D RNF8-Ubc13~Ub SAXS curves were scaled,
and lines of best fit were calculated in Primus (inset panel is close-up of the 0.12 < g < 0.2 A~ region). Bottom panel shows a plot of a difference SAXS spectrum
in which the scaled intensity of the RNF8 WT complex is subtracted from the scaled intensity of the RNF8 L451D complex. C, schematic representations of the
individual models that comprise the MES for each complex are shown. Colored lines above the models correspond to curves overlaid in A. The relative weighting
of each model to the overall MES is listed as a percentage, and the goodness of fit (x?) of each individual model to the experimental data is indicated. Blue
spheres represent the closed ubiquitin position, and red spheres represent ubiquitin. The purple spheres indicate overlapping blue and red indicating ubiquitin

in a closed position. SAXS curves have been deposited to SASBDB: WT RNF8-Ubc13~Ub (SASDBR3); L451D RNF8-Ubc13~Ub (SASDBT3).

and Ubc13 binding activities, should be unaffected in the
mutant. To test the impact of decreased RNF8-dependent
catalytic stimulation of Ubc13 on DNA damage signaling, we
retrovirally reintroduced full-length WT or L451D hemag-
glutinin (HA)-tagged RNF8 into RNF8 knock-out mouse
embryonic fibroblasts (RNF8~/~ MEFs), subjected the cells
to ionizing radiation to induce DNA damage, and imaged
protein localization in the DNA damage response by immu-
nofluorescence (Figs. 6 —8). The RNF8 proteins produced in
these stable cell lines were expressed at similar levels, main-
tained Ubc13 binding (Fig. 6, A and B), and colocalized with
YH2AX (Fig. 6C), demonstrating that the L451D mutation
does not impair RNF8 recruitment to sites of DNA damage.
Additionally, we found that MEFs reconstituted with RNF8
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L451D showed little change in cell cycle progression com-
pared with MEFs reconstituted with RNF8 WT (Fig. 6D). To
test the effects on Lys-63-linked ubiquitin chain formation
of the L451D mutation, we performed immunofluorescence
in these cells with an antibody specific to Lys-63-linked
polyubiquitin and hemagglutinin-tagged RNF8. The results
indicate that although the WT RNF8 associated with DNA
damage foci together with Lys-63-linked polyubiquitin, the
degree of colocalization of these foci with RNF8 was dramat-
ically reduced in the L451D mutant (Fig. 7, A and B). These
results indicate that although the RNF8 L451D mutant is
able to localize to DNA damage foci, it markedly reduces the
formation of Lys-63-linked polyubiquitin within these
foci.
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To further test the biological importance of the Ubc13 stim-  duction of RNF8 L451D did not restore 53BP1, BRCA1, and
ulating activity of RNF8, we probed the effects of the inhibition =~ FK2 foci formation. These results highlight the importance of
of RNF8-dependent polyubiquitination on the downstream the Ubc13 stimulating activity of RNF8 and uncouple it from its
DNA damage signaling factors, 53BP1 and BRCA1, as well as FHA-dependent recruitment to sites of DNA damage.
ubiquitin conjugates (via FK2, an antibody that detects mono- Chromatin Targeting of RNF168 to Sites of DNA Damage
and polyubiquitin conjugates) by monitoring the association of ~ Bypasses the Requirement of RNF8 for 53BP1 but Not FK2 or
these proteins with IR-induced DNA damage foci by immuno- BRCAI Foci Formation—W e then wished to determine the role
fluorescence (Figs. 8 and 9) (12, 55). Consistent with previous of RNF8 in RNF168-mediated ubiquitin signaling in DSB
reports, we found that ionizing radiation-induced 53BP1, repair. In the canonical RNF8/RNF168 pathway, the FHA
BRCA1 and FK2 foci were severely impaired in RNF8 knock- domain of RNF8 binds to ATM-phosphorylated MDC1 to link
out MEFs (12, 55). Reintroduction of W'T RNEF8 into these cells  the phosphorylation cascade to the ubiquitination cascade (12,
rescued IR-induced 53BP1 foci formation (Fig. 8), as well as  55). A recent study suggests that RNF8-Ubc13 then ubiquiti-
BRCA1 and FK2 foci formation (Fig. 9B). Strikingly, reintro- nates H1-type linker histones (possibly de novo or previously
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FIGURE 6. RNF8 levels are similar in the WT and L451D MEF populations. A, anti-HA antibody was used to stain RNF8 knock-out (KO), WT, and L451D MEFs
(left panel). The nuclear intensity of HA-RNF8 was quantified in arbitrary units (AU) (right panel). The nonspecific nuclear HA stain of the KO cells was used to
determine a threshold to filter out any non-reconstituted cells, and the nuclear intensity of HA-RNF8 was quantified for the remaining WT and L451D MEFs. The
tonal range of cellimages was rescaled from 0 to 255 in Photoshop to increase the overall contrast for display in the representative image. B, immunoprecipi-
tation using an anti-HA antibody to detect WT or L451D HA-RNF8 in complex with endogenous Ubc13. The HA-tagged RNF8 wild type (WT) or L451D (L451D)
were expressed in RNF8 knock-out mouse embryonic fibroblasts, and their interaction was measured by immunoprecipitation with anti-HA antibody followed
by immunoblotting with the indicated antibodies. The tonal range of whole images was rescaled from 0 to 255 to increase the overall contrast for display. C,
yH2AX/RNF8 colocalized foci 0.5 h after ionizing radiation in both wild type and L451D RNF8 reconstituted MEFs. RNF8 foci are red, and yH2AX are green in the
merged images. The tonal range of whole images was rescaled from 0 to 255 in Photoshop to increase the overall contrast for display. D, DNA content of wild
type and L451D RNF8 reconstituted MEFs was analyzed via propidium iodide staining and flow cytometry. The percentages of cells in Go/G;, S, and G,/M phases
are indicated. At least 20,000 cells per cell line were measured and analyzed.
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FIGURE 7.RNF8 L451D mutation sharply reduces Lys-63-linked polyubiquitin chain formation in MEF cells. A, RNF8/Lys-63 colocalized foci per cell for WT
or L451D cells from 0.5 to 1 h post 3 Gy of ionizing radiation. B, representative image of the RNF8 L451D mutation on DNA DSB repair via an RNF8/Lys-63 IRIF
time course. Wild type RNF8 reconstituted MEFs are in the left panel and L451D RNF8 MEFs are in the right panel. RNF8 is red, and Lys-63 is green in the merged
images. The tonal range of cellimages was rescaled from 0 to 255 in Photoshop to increase the overall contrast for display. Cells with =20 RNF8 foci per cell were
examined to ensure only RNF8-positive cells were analyzed, to avoid inclusion of spurious non-IR induced foci, and increased diffuse background stain in later
time points. The experiment was done in triplicate, and data were pooled with at least 200 cells per time point, and standard error of the mean is included. ¥,
p < 0.005 comparing WT and L451D for each time point using a two-tailed Student’s t test.

monoubiquitinated) with short Lys-63 ubiquitin chains, RNF168 to DNA damage sites independent of Lys-63 ubiquitin
recruiting RNF168 through its MIU domains (23). RNF8 and/or  chains by fusing the BRCT domain of MDC1 (binds phosphor-
RNF168 extend the Lys-63-linked polyubiquitin chains thatare ylated H2AX) to RNF168 lacking the MIU ubiquitin-targeting
required for RAP80, BRCA1, and FK2 foci formation. RNF168 motifs (GFP-RNF168-dMIU-BRCT) (Fig. 9). Chimeric con-
then monoubiquitinates histone H2A on lysine 15, which in  structs were transfected into RNF8~/~ MEFs, which cannot
turn recruits 53BP1. To determine the biological role of RNF8  form Lys-63 ubiquitin chains, but allow Ub-H2A K15 activity to
in RNF168-mediated DNA damage response, we targeted be restored while eliminating the Lys-63-linked polyubiquitin
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FIGURE 8. Effects of the RNF8 L451D mutation on DNA DSB repair via a RNF8/53BP1 IRIF time course. A, RNF8/53BP1 colocalized foci per cell for WT or
L451D cells from 0.5 to 2 h post 3 Gy of ionizing radiation. B, representative image of the RNF8 L451D mutation on DNA DSB repair via a RNF8/53BP1 IRIF time
course. Wild type RNF8 reconstituted MEFs are in the left panel, and L451D RNF8 MEFs are in the right panel. RNF8is red, and 53BP1 is green in the merged images.
The tonal range of cell images was rescaled from 0 to 255 in Photoshop to increase the overall contrast for display. C, individual assessment of the RNF8 foci per
cell of WT and L451D cells. Cells with =10 RNF8 foci per cell were examined to ensure only RNF8-positive cells were analyzed, to avoid inclusion of spurious
non-IR induced foci, and increased diffuse background stain in later time points. The experiment was done in triplicate, and data were pooled with at least 120
cells per time point and standard error of the mean is included. *, p < 0.005 comparing WT and L451D for each time point using a two-tailed Student’s t test.

signal. We found that the GFP-RNF168-dMIU-BRCT con-
struct rescues 53BP1 recruitment in RNF8~/~ MEFs, whereas
BRCA1 and FK2 remained unaffected (Fig. 9). This effect is not
due to the overexpression of RNF168 as reintroduction of
RNF168 lacking the targeting motifs (GFP-RNF168-dMIU) did
not restore 53BP1 foci in RNF8 '~ MEFs. It should be noted
that the GFP-RNF168-dMIU-BRCT chimera forms foci in the
absence of permeabilization before fixation, whereas the GFP-
RNF168-dMIU chimera does not (data not shown). In addition,
the chimeras do not prevent endogenous MDC1 binding at the
DSB sites (data not shown). Similar results were obtained when
L451D RNF8 MEFs were used instead of RNF8 '~ MEFs (Fig.
9). Taken together, these data suggest that not only does RNF8
target RNF168 to DNA damage foci, but moreover that its Lys-
63-mediated polyubiquitin chains are required for BRCA1 and
FK2 foci formation through stimulation of Ubcl3 catalytic
activity.

Discussion

The mechanism of activation of E2 enzymes by RING E3
ligases has been enigmatic. Here, combined structural, bio-
chemical, and mutation results further support the hypothesis
that RING E3 ligases activate E2 enzymes by imposing confor-
mational selection on the E2~Ub conjugate, so that the ubiq-
uitin molecule occupies a catalytically active conformation
more frequently (28, 29, 56). The crystal structure of RNF8-
Ubc13~Ub furthermore reveals that the RNF8 dimer can be
doubly loaded with an Ubc13~Ub and that both ubiquitin mol-
ecules in such a complex can exist in the closed, active confor-
mation. These results and concepts for the RNF8 complex sup-
port and broaden the implications from the recent structure of
RNF4-Ubc13~Ub/Mms2 (37).
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Based upon our RNF8-Ubc13~UD structure, we hypothe-
sized that two residues, Leu-451 and Arg-441, are critical to
stabilize the covalently linked ubiquitin in the closed conforma-
tion that is primed for catalysis. The L451D mutation severely
impairs RNF8 E2 stimulating activity, consistent with the
results from analogous mutations in the RNF4-UbcH5a (Fig. 2)
and RING-U-box:UbcH5c systems (29, 51, 56). A superposition
of multiple RING E3 ligase dimers/heterodimers onto the
RING of RNF8 in the RNF8-Ubc13~Ub structure suggests that
both hydrophobic and positively charged basic residues may
mediate the E2 stimulation mechanism of these E3s (Fig. 10).
BARDI-BRCAL1 (57), TRAF6 (58), and CHIP (59, 60) all stimu-
late E2s to make polyubiquitin chains in vitro. These superpo-
sitions suggest that TRAF6 may utilize an Arg to stimulate the
E2s. There are two negatively charged acidic residues at the end
of the ubiquitin a-helix, Asp-32 and Glu-34, which, together
with the negative helix dipole, are suitable to provide an elec-
trostatic interaction for a positively charged residue contact in
the E3. TRAF6 may additionally engage the ubiquitin with a His
on its first zinc finger domain, which makes a close approach to
the ubiquitin Asp-32 in our model. Similar to RNFS, it is likely
that a Leu in the U-box E3 CHIP mediates ubiquitin contact,
although BRCA1 probably engages with a Thr, and possibly a
Ser (Fig. 10).

Interestingly, the R441A mutation had little effect on the E3
ligase activity of RNF8, whereas similar mutations in other
RING E3s have dramatic effects on catalysis. For example, in
the E4B-UbcH5c~Ub system, mutation of the analogous Argin
E4B to Ala (R1143A) reduced the rate of E2~Ub oxyester hy-
drolysis and auto-ubiquitination (29). Similarly the analogous
Arg to Ala mutation in RNF4 was severely impaired in a single-
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FIGURE 9. Targeting of RNF168 to sites of DNA DSBs in the absence of its MIUs using a BRCT chimera. RNF8 knock-out MEFs were transfected with different
chimeric constructs as indicated for 24 h. Cells were then irradiated with 2 Gy and left to recover for 30 min at 37 °C. Cells were then fixed and stained as
indicated. A, mock transfection treatment. B, GFP-RNF8 transfection into RNF8 ™/~ MEFs. C, GFP-L451D RNF8 transfection into RNF8 ™/~ MEFs. D, GFP-RNF168-
dMIU transfected into RNF8 ~/~ MEFs. £, GFP-RNF168-dMIU-BRCT transfected into RNF8 '~ MEFs. F, GFP-RNF168-dMIU transfected into RNF8 ™/~ MEFs stably
reconstituted with RNF8 L451D. G, GFP-RNF168-dMIU-BRCT transfected into RNF8 /~ MEFs stably reconstituted with RNF8 L451D. Cells were stained with
primary antibodies against 53BP1, BRCA1, and FK2 as detailed under “Experimental Procedures.” H, quantification of the percentage of cells with GFP-positive
DNA repair protein foci. Error bars represent standard deviation of three independent experiments with total number of cells equal to 20. GFP-RNF8 constructs
in Band Care not fusion proteins but instead indicate transient coexpression of separate GFP and RNF8 polypeptides from the same expression vector. The GFP
stain is therefore not expected to form foci but serves as a transfection control. Schematic of RNF168 chimeras in which the RNF168 MIUs were either removed

or replaced with MDC1 BRCT domain are shown above graph.

turnover substrate-ubiquitination assay with UbcH5a (51).
This difference suggests that the conserved Arg proposed to be
a “linchpin” residue in RING E3-mediated E2 stimulation does
not play a similar role in RNF8 (29). We suggest that the limited
effect of the Arg mutation in RNF8 compared with E4B may
reflect the fact that RNF8 forms a stable homodimer, whereas
E4B is a monomer in solution (61). The Leu-451 residue in
RNF8 resides on the opposite dimer-mediated protomer, which
is absent in E4B monomer. An alternative explanation is that
the neighboring lysine in RNF8 (Lys-442) could play a role in an
allosteric mechanism; however, in the high resolution structure
of RNEFS8 (8), the loop that contains both Lys-442 and Arg-441 is
stabilized by the interactions of Cys-437 and Cys-440 in the zinc
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finger. This suggests a high energy barrier to reorient Lys-442 to
face the E2, which would be much less favorable than employ-
ing the less restricted Arg-441 for such a mechanism.

The development of an E2 stimulation-deficient RNF8
mutant allowed us to investigate whether the closed ubiquitin
conformation is truly related to RNF8 stimulation of Ubcl3
catalytic ability. To directly assess the impact of the L451D
mutation on the conformation of the covalently tethered ubiq-
uitin, we used small angle x-ray scattering to derive conforma-
tional ensembles of RNF8-Ubc13~Ub in solution. Whether
generated by the MES or GAJOE genetic algorithms, our
ensembles consistently showed 20-30% enhancement of the
closed ubiquitin conformation compared with more extended
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FIGURE 10. Comparisons of RING E3 dimers and heterodimers relative to
E2~Ub. The E2s of the BARD1-BRCAT1 (teal/green; PDB code 1JM7), CHIP
(green/violet; PDB code 2C2V), and TRAF6 (orange; PDB code 3HCS) structures
were superimposed on the Ubc13 in the RNF8-Ubc13~Ub (red/blue) crystal
structure. Possible interacting residues are labeled. The TRAF6 structure
includes a zinc finger connected to its RING. In all images Ubc13 is blue with
surface representation, and ubiquitin is yellow.

open states in complexes containing WT RNF8 compared with
complexes with the L451D mutant (Figs. 4 and 5). The obser-
vation that mutants that change conformational sampling
without otherwise distorting the fold or assembly can selec-
tively alter biological outcomes was also recently found for the
multifunctional DNA double strand break repair ATPase
RAD50 (62), suggesting that this strategy of altering the average
conformational state offers a promising approach for dissection
of function mutations in protein complexes.

A model to reconcile previous evidence that RNF8 is
required for downstream RNF168 recruitment (17) has recently
been proposed (23). Our results show that RNF8 is indeed
required to stimulate Ubc13-dependent Lys-63-ubiquitin chain
formation at the sites of DNA DSBs to recruit downstream
factors such as BRCA1, for homologous recombination repair
to complement and extend the report by Thorslund et al. (23).
The L451D RNF8 mutant demonstrates that the ability of RNF8
to catalytically enhance Ubc13 is essential for the DNA damage
response. Previous studies focused on mutations that either
deleted the RING domain or mutated key cysteine residues
within the RING. Such mutations demonstrated the necessity
of a functional E3 but did not distinguish between the recruit-
ment and catalytic functions of the E3. This is important, as the
role of a RING domain could, in some cases, be simply to recruit
an E2 enzyme to a site where it is then transferred to another E3
enzyme to form ubiquitin conjugates. Therefore, RNF168 tar-
geted to chromatin cannot functionally replace RNF8 at sites of
DNA DSBs in the context of homologous recombination, but it
can bypass the role of RNF8 in 53BP1 recruitment for non-ho-
mologous end joining.

Here, we show that a single point mutation in RNF8, which
specifically abrogates its E2 stimulating activity but not its abil-
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ity to bind to the sites of DNA damage, blocks DNA damage-
associated Lys-63-linked ubiquitination and downstream sig-
naling. We proposed that the necessity for a RING E3’s E2
stimulating activity likely extends to other RING E3 ligases (Fig.
10), and this activity is required for their individual roles in the
cell. Our combined observation and concept has implications
for potential therapeutic strategies. Inhibitors that block pro-
tein-protein interactions are notoriously challenging and have
met with limited success. Our work presents a novel avenue for
blocking RING E3-mediated E2-stimulation, which we show to
be critical for the DNA damage response, and likely for many
other pathways that involve RING E3s. Such a strategy would
take advantage of the extended interface created by the RNF8-
Ubc13 complex. Inhibitors that bind this surface could block
the ability of the donor ubiquitin to adopt the closed conforma-
tion, preventing activation.
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